ABSTRACT: The responses of Gelidium sesquipedale productivity, photosynthetic efficiency and respiration to changes in light and temperature were measured on plants acclimated to different light/temperature combinations simulating average winter and summer conditions at 2 different depths. Photosynthetic efficiency was reported relative to frond surface area computed by a method described in this study. Algal pigment contents were monitored during acclimation. Results suggest that seasonal acclimation to light and temperature may have a significant effect on photosynthetic efficiency and on the dependence of productivity on light and temperature. This effect may be the opposite of what is generally expected from acclimation to photon flux density alone but is in good agreement with previously reported results indicating an increase in photosynthetic efficiency in plants grown at higher temperatures. There is some evidence that temperature adaptation may compensate light adaptation through changes at physiological levels other than the pigmentary system. Significant seasonal effects on respiration, as well as a strong temperature dependence, are apparent. Winter acclimated plants had higher respiratory rates than summer acclimated ones. Among the former, plants acclimated to the greater depth exhibited lower respiratory rates than those acclimated to the shallower depth, which is an important adaptation for surviving under low light conditions by reducing energetic losses. The compensation photon flux density values obtained in this work for G. sesquipedale suggest that during winter the average net photosynthesis may be negative for a significant part of its subtidal populations.
INTRODUCTION
The responses of algae to various environmental factors such as photon flux density, temperature or nutrients can be analysed on different time scales. The phenotypic adaptations to different levels of physical and chemical factors occurring, for example, at different depths or seasons are usually termed long-term responses or acclimation. The metabolic responses to rapid changes in any parameters are usually designated as short-term responses (Davison 1991) . Whilst long-term responses are observed on a time scale of daydweeks, short-term responses are observed on a time scale of minutes/hours. Short-term responses are related to the long-term ones because, by adapting differently, algae may also respond differently to rapid changes in environmental parameters.
Several workers have studied the acclimation of macroalgae to various levels of photon flux density, temperature or nutrients (e.g. Ramus et al. 1976a , Santelices 1978 , Beer & Levy 1983 , Fredriksen & Rueness 1989 . However, information concerning the adaptative changes related to seasonal phenomena, considering the synergistic action of several parameters, is very scarce. Furthermore, in acclimation studies it is not always clear if the levels chosen for the ecological factors are likely to occur in the habitat of the species under study. The short-term responses of algae to different environmental variables have also been studied (e.g. Cloern 1977 , Algarra & Niell 1990 , Torres et al. 1991 . Some authors analysed the acclimation effects on short-term responses (Ramus et al. 1976b , 1977 , Beer & Levy 1983 . The quantitative changes in photosynthetic pigments are often used to assess the long-term responses of algae to different environmental conditions because of the importance of the pigments in primary productivity and their rapid response to changes in photon flux density, temperature or nutrient levels. Concerning the short-term responses, the most often measured parameters are productivity and photosynthetic efficiency.
Photosynthetic efficiency is measured as the initial slope of the P versus I curves. Productivity is usually expressed on a dry weight basis and photon flux density on an area basis. Therefore, photosynthetic efficiency has the dimensions of mgC g-' mol-' photons m-2. Efficiency is often calculated on the basis of the light reaching the place where the plant stands instead of being calculated on the basis of the light actually received by the plant. The light received by the plant is proportional to its surface area. By relating biomass to thallus surface area and expressing productivity on an area basis, photosynthetic efficiency can be expressed in mg or mm01 C mol-' photons actually reaching the plant surface. This way, for the same photon flux density, efficiency will depend solely on the physiological capacity of the plant to convert light into chemical energy.
In this work a methodology to estimate the whole surface area of macroalgae is described. This methodology has been tested on Gelidium sesquipedale but it is widely applicable to other species of different morphology, with particular relevance to algae with branched thalli. Algarra & Niell (1987) proposed a methodology which allows the calculation of the surface area perpendicular to the bottom in algal stands. Minitcheva & Eremenko (1986) developed an accurate but also time-consuming method consisting of determination of the whole surface area of the different parts of the thallus of branched algae. The areas were calculated from measurements of the length and diameter at the apical, medium and basal levels of the algae with a cylindrical cross section.
Gelidium sesquipedale was chosen for this study because of its economic importance as a raw material for the agar industry (Santos & Duarte 1991) . The data presented in this work is being used for the development of a management model (e.g. Duarte & Ferreira 1993) . In spite of the considerable number of works published on the genus Gelidium (for a review see Santelices 1988) , there is no available information allowing a quantitative assessment of the productivity of G. sesquipedale as a function of such important environmental variables as photon flux density and temperature. The objectives of this work were (1) to evaluate the influence of different seasonal conditions on the pigment composition of G. sesquipedale, (2) to analyse and quantify the short-term responses of G. sesquipedale productivity, photosynthetic efficiency, respiration and exudation as a function of photon flux density and/or temperature and (3) to evaluate the influence of seasonal adaptation on the short-term responses of G. sesquipedale metabolism.
METHODS
Sampling and treatment. Gelidium sesquipedale fronds were collected at Cape Espichel (west coast of Portugal) at 10 m depth during spring 1993. The algae were kept in the laboratory for over 3 wk under stable water temperature, photoperiod and photon flux density (during daylight hours). Four acclirnation pre-treatments were employed during this time: 2 simulating local winter conditions and 2 simulating summer conditions. The temperature was kept at 14.5'C in 2 pre-treatments (winter) and at 18.5'C in the other 2 (summer), with a photoperiod of 11.5 and 14.5 h respectively. Each pair of winter and summer pre-treatments differed only in the photon flux density used, reproducing approximately the average light conditions at 9 and 13 m depth: 9.4 and 4.4 mm01 m-' S-' in the winter pre-treatments and 16.1 and 10.5 mm01 m-2 S-' in the summer pre-treatments, respectively. These depths are reported relative to the hydrographic zero and correspond to average real depths of approximately 11 and 15 m due to tidal effects. The photoperiods and temperatures simulated the average winter and summer conditions in the area where the algae were sampled.
To estimate the underwater light intensity, a model was developed to simulate the tidal height variation and calculate the optical path between the surface and the desired depth, using a time step of 1 h. The optical path was computed from depth and angles of incidence and refraction of the sun according to Rable (1985) . The light intensity was calculated according to the Lambert-Beer law, from surface radiation, optical path and average water extinction coefficient, after discounting for reflection by the sea surface and for non-photosynthetic rad~ation. The extinction coefficients were based on Secchi disk and LiCor (Spherical quantum sensor LI-193SB) readings. The surface radiation data were also obtained with a spherical quantum sensor. A full description of the model is given in Ferreira & Ramos (1989) and Duarte & Ferreira (1993) .
During the acclimation, approximately 200 g (fresh wt) of Celidium sesquipedale fronds were kept in 200 1 tanks. The water in the tanks was in permanent circulation and was pumped from a common reservoir to avoid any non-controlled differences among the tanks. The flow rate was 200 1 h-'. Every other day, the water was partially exchanged with sea water (about 120 1). Nutrient levels, pH, salinity and temperature were monitored every second day and remained approxi-mately constant during the course of the experiment. Temperature varied no more than 1°C during the water exchanges; pH values were always close to 8.2. Algal growth during acclimation was monitored by tagglng and measuring the main axis lengths of approximately 30 algal fronds in each of the acclimation tanks. The tags used were described in Sharp & Trembley (1985) . In the pre-treatments and incubation experiments daylight fluorescent lamps (Philips Colour/96 'TL'D) were used. The regulation of the light flux was done by a manual potentiometer connected to the lamps through a high-frequency electronic ballast. Photon flux density was measured with a spherical quantum sensor .
During the first 12 d of acclimation algal samples for pigment analysis were taken in triplicate from each tank every second day. Later on, sampling was carried out at a lower frequency. All samples were collected in triplicate and always at the same time of the day (09:30 h). Algal samples were immediately frozen for later analysis. Algae were macerated under liquid nitrogen. Chlorophyll a (chl a) was analysed after extraction with acetone and phycobilins after extraction and centrifugation in phosphate buffer (pH = 6.8) (Rowan 1989 ). The equations of Talling & Driver (1963) were used to calculate chl a concentration Rphycoerithrin content was calculated using the equations of Beer & Eshel (1985) .
After the acclimation, algal samples collected at random from each of the acclimation tanks were incubated in 1000 m1 jars in an incubation chamber and submitted to various combinations of temperature and photon flux density according to a completely orthogonal sampling design (Underwood 1981) . Productivity and respiration were measured from oxygen differences by the light-dark bottle technique (Vollenweider 1974) . The temperatures tested were 11, 14, 18, 22 and 26°C. At each of these temperatures, respiration was measured in the dark and productivity was measured at the light intensities 2, 4 , 97, 206 and 270 pm01 photons m-2 S-'. It was not possible to replicate the acclimation pre-treatments. Because of this constraint, any significant differences between the metabolic rates of the plants taken from the different tanks cannot be proved to be solely a consequence of the differences amongst pre-treatments: there may be some unaccounted 'tank effect' (Hulbert 1984) .
Prior to incubation, the algae were kept for 30 min under the lightkemperature which was to be tested. In the incubation chamber the flasks stood on a rotating platform which was kept in permanent motion (about 60 rpm) during the experiments. For each light/ temperature combination, 3 replicates and a control were used. Each of the replicates consisted of several whole thalli in order to compensate for the natural intraspecific physiological variability (Littler 1980 ). Therefore, from each acclimation tank, 5 sets of respiration results (at each of the 5 temperatures) and 25 sets of productivity results (5 temperatures X 5 light intensities) were obtained. Incubation times and biomasses were chosen so as to prevent inhibition of photosynthesis by an excess of dissolved oxygen, pH changes or nutrient depletion and to simultaneously assure that any oxygen changes would be detectable (Dromgoole 1978a , b, Littler 1979 , Duarte 1990 ). The incubation times were about 1 h for productivity measurements and 1.5 h for respiration measurements. The incubated biomasses were approximately 1 g dry wt 1-l.
After the incubation period, 2 water samples from each replicate were collected for dissolved oxygen determination (Winkler method). The algae used in each experiment were blotted dry and dried at 75°C to constant weight, allowed to cool and weighed. A photosynthetic quotient of 1.2 and a respiratory quotient of 0.8 were used in the conversion of oxygen to carbon according to Vollenweider (1974) and Geider & Osborne (1989) . Exudation rates were estimated in the acclimation tanks by the method of Khailov & Burlakova (1969) . Algae were incubated in light and dark 1000 m1 incubation flasks within the acclimation tanks. A light and a dark control were also used. After 5 to 6 h of incubation, water samples were taken from the incubation flasks and the dissolved organic matter (DOM) content determined from their absorbance at 260 nm, as described by the previous authors. Released DOM was converted to carbon assuming an average carbon content of 42.2% (w/w) (Duarte unpubl.) . The respiration data obtained were analysed by 2-way ANOVA with replication. The main effects to be tested were the acclimation pre-treatment and the temperature. The null hypotheses tested were (1) the average respiration results obtained with algae sampled from the 4 tanks are identical, (2) the average respiration results obtained with algae incubated at the tested temperatures are identical, and (3) there is no significant interaction effect between acclimation tanks and temperature on the respiratory rates of the algae.
A model of productivity as a function of photon flux and temperature based on Eilers & Peeters (1988) and on a temperature function (Eq. 1) was used to fit a response surface to the results obtained with algae from each of the acclimation pre-treatments:
where P is gross primary productivity, I is photon flux density, t is temperature, a, b and c are parameters of the light dependent function (see Eilers & Peeters 1988 and Duarte in press), and d and e are parameters of the temperature dependent function (see Duarte in press). For details regarding model fitting see Duarte (in press ). The 4 fitted surfaces were compared by F ratios as described in Mead & Curnow (1983) and Potvin & Lechowicz (1990) . A surface was obtained by grouping all the data; the F ratio between the increase in the mean residual sum of squares, resulting from grouping all the data, and the mean residual sum of squares of the 4 fitted surfaces was computed. This procedure was carried out to test the null hypothesis that the increase in the average residual sum of squares obtained by grouping the data and fitting one surface to it is not significant. In a similar way, further comparisons were carried out between the winter and summer pre-treatments and between those simulating 9 and 13 m depth.
Photosynthetic efficiency is computed from the derivative of Eq. (1) when photon flux approaches 0.
The obtained values were reported relative to thallus surface area (see below). The model predicts that the quantum efficiency is temperature dependent, which is in accordance with recent physiological data (Davison 1991) .
Thallus area determination. Gelidium sesquipedale fronds of more than 6 to 8 cm are usually branched. Plants can reach more than 30 cm in length and branching is usually proportional to size, occurring mainly to the sides of the main axis (Figs. 1 & 2) . The cross section of the thallus is semicircular or elliptical over the whole plant body. The measurement of the surface area of a thallus of this type is problematic. The methodology developed in this work consists of (1) obtaining digitised images of the thalli by scanning them into bitmap files using a flatbed scanner, (2) calculation of areas using an appropriate algorithm, based on the pixels composing the image, and (3) application of a correction to account for the curvature of the thallus allowing the calculation of the whole surface area of the plant.
In a first approach to estimating the surface area of the fronds it is assumed that their cross section is rectangular (Fig. 2) . Therefore the total surface frond area is obtained as
where A,,, is total area assuming a rectangular cross sect~on, C is the sum of the length of all axes and branches, l, is the average width of the rectangle's major side (Fig. 2) , l2 is the average width of the rectangle's minor side (Fig. 2) .
When a Gelidium sesquipedale thallus is placed on a surface, the visible area (A,) equals C x l, (Figs. 1 & 2) . By digitising the image of the algae corresponding to A, with a flatbed scanner and storing the obtained image (Fig. 1) in a bitmap file, it is possible to count the The remaining 'theoretical' area (A2) can be calculated from the ratio 11: 4 which equals the ratio AI : A2 since C is the same for both areas. This ratio was estimated by cutting random thalli collected over several months and measuring l1 and l2 for each of the cut pieces. The average, 0.2958, calculated for more than 200 measurements, was used to compute l2 from 1, and A2 from A,. Knowing A, and A2, Arec can be calculated as
The result obtained in Eq. (3) must be corrected since the cross section of the plant is elliptic. This correction is based on the knowledge of the ratio between the perimeter of a rectangle (P,,,) with sides 1, and l2 and the perimeter of an ellipse (Pellip) with axes a and b (Fig. 2) . This ratio equals the ratio between the A,,, and Aelli, -the area of the fronds assuming an elliptic cross section -since the area is the perimeter multiplied by C, and C is the same under both assumptions:
) (4) where
and where bla equals which was determined empirically (see above). From Eq. (4) Dividing the numerator and the denominator by a The above procedures were carried out on several samples which were then dried to constant weight. In Fig. 3 , a regression analysis between dry weight and thallus surface area is shown. The regression equation is significant (Fig. 3) and was used to allow a fast estimation of thallus areas from dry weights. 
RESULTS AND DISCUSSION
From Fig. 4a it can be seen that after a period of 10 to 14 d of acclimation to winter conditions, the mean chl a content appears to show a tendency to increase until the end of the experiment, probably as a response to the low photon flux density and short photoperiod. This tendency was apparent for both simulated depths and was confirmed by regression analysis (slope significantly greater than 0 in both cases; p < 0.05 ). However, the result of a t-test to compare the mean values of all replicates measured before and after Day 10 do not demonstrate any significant differences at the 95 % confidence level, except for the results obtained with the algae acclimated to the shallower depth (9 m). In Fig. 4b chl a content does not appear to show any trend with time. This was confirmed by regression analysis, which led to a slope not significantly different from zero (p > 0.05). As regards R-phycoerythrin (Fig. 5a, b ) no trends were observed during the course of the experiments. In all regression analyses the slopes obtained did not differ significantly from zero (p > 0.05). According to the work of Fredriksen & Rueness (1989) on Gelidium latifolium, the absence of diminishing trends in R-phycoerythrin demonstrates that nitrogen limitation did not occur. The differences between the average pigment contents at the 2 simulated depths were nonsignificant (t-test, p > 0.05) in both winter and summer conditions for chlorophyll and In Table 1 , the results of a 2-way ANOVA Model I with replication to test the independent and interaction effects of temperature and acclimation on the measured respiration rates are shown. As can be seen, both the independent and interaction effects are significant. These results provide evidence of the importance of seasonal acclimation on the respiration responses at different temperatures. In Fig. 6 the respiratory rates obtained at the 5 tested temperatures and with algae from the 4 acclimation pre-treatments are presented.
Temperature ("C) Predictably, there is a positive relationship between respiration and temperature (Kremer 1981) . From the results of a Newman-Keuls test (Table 2) plants can survive longer periods under light intensities below the compensation point. In apparent contradiction with these findings are the lower respiration rates of summer acclimated plants. However, according to Kremer (1981) , the respiration rates and corresponding Q,,, values of algae in winter are higher than those in summer when measured at the same temperatures. In Figs results obtained ranged between 7.54 and 23.94 mm01 C mol-L photons. These values are close to the lower measurements obtained by Markager (1993) for the red Table 5 . F-test to compare the mean square residuals obtained by fitting the alga ~~~~h~~~ purpurea based on the model to all data points and by fitting the model to the results obtained with Gelidiun~ sesqulpedale from each of the simulated depths ratio of gross photosynthesis to incident light. There is a significant temperature effect on the quantum efficiency, with the highest values corresponding to the highest temperatures and summer acclimations (Duarte in press). Under natural conditions the Gelidium plant tends to have only one of its surfaces directly exposed to the light. The passing of the waves moves the algae around and shaded parts are periodically exposed to light flecks. In the measurements reported in this work, plants were also subjected to some Table 6 . Gelidium sesquipedale. Photosynthetic effic~ency self-shading due to the presence of several thalli in (mm01 C mol-' photons) for all the tested temperatures and acclimations each incubation flask, leading to some underestimation of quantum efficiency. The constant motion of the flasks tended to expose some of the shaded parts to light. This way, experimental conditions had some similarity with natural ones. However, one should be aware of the fact that the degree of self-shading was probably different from field conditions and that the periodicity with which the shaded parts were directly exposed to light might also have differed. Under high light intensities which may cause photoinhibition, it is likely that the periodic shading of the thallus may pre-Temperature ("C) The average exudation rate is 0.03 mg C h-' g-' (dry wt) which is close to the lowest values measured by Khailov 81 Burlakova (1969) . No significant differences were observed between light and dark exudation rates. From Eq. ( l ) , and the respiration and exudation rates obtained in this work, the compensation photon flux density for growth was estimated by solving Eq. (12) in relation to I with net primary productivity set to zero. The result is shown in Eq. (13): obtained with algae from the 4 pre-treatments are shown. It can be seen that the compensation values for winter acclimated plants are above the estimated average winter photon flux densities. Even if these average values were assumed to be twice as high, it is clear from Fig. 11 that the compensation photon flux densities at the winter average temperature (14.5"C) would still be higher.
From the results obtained it is possible to conclude that the changes in pigment contents during the course of the acclimation treatments were mainly random, except perhaps for chl a in the winter treatments. Apparently, in all treatments, and in spite of the initial differences, the final pigment contents converged to similar values. It is known that algae acclimated to lower irradiances increase their pigment contents and light harvesting efficiency (Falkowski 1991) , but acclimation to higher temperatures has a similar effect (Davison 1991) . This could perhaps explain the observed convergence in the pigment contents of the (13) plants acclimated to 9 and 13 m depth is probably due to the small photon flux density differences. It follows where PL is net primary productivity, R is carbon losses that the differences in photosynthetic efficiency bedue to respiration and exudation, and I, is compensatween the winter and summer acclimations can seldom tion photon flux density. In Fig. 11 compensation be explained from changes in pigment contents. Probphoton flux densities for the different temperatures ably the observed differences were due to changes at other levels of the photosynthetic apparatus, such a s the CO2 fixation, the electron transport or the cellular activities of Calvin cycle enzymes. The results obtained suggest that long-term temperature effects can compensate long-term light effects. Summer acclimated plants may have higher quantum efficiencies than winter acclimated ones. Due to the absence of seasonal light or temperature effects on l,,,,, (Duarte in press) it is predictable that light saturated photosynthesis may reach higher values in summer than in winter acclimated plants, as was the case in the present work (Figs. 7 to 10) . The higher respiratory rates of the winter acclimated plants (Table 2) , along with their lower photosynthetic efficiencies, explain their higher compensation photon flux densities. This suggests that during winter a significant part of the subtidal Gelidium sesquipedale stands that can reach a 20 m depth will have a negative net productivity. In fact, the growth of plants acclimated to the winter conditions was not significantly different from zero (t-test, p < 0.05). The opposite was found to be true for summer acclimated plants.
The results reported in this study stress the importance of knowing the seasonal variability of the P-I curve parameters when modelling algal primary productivity. Further studies on the interaction of longterm light and temperature effects on photosynthesis seem to be required to fully understand the mechanisms that lead to the results obtained in this work.
